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The isolation and expression of the cDNA for the 
green fluorescent protein (GFP) from the biolumi- 
nescent jellyfish Aequorea victoria has highlighted 
its potential use as a marker for gene expression in 
a variety of ceil types (Chalfie et al.: Science 263: 
802-805, 1994). The longer wavelength peak (470 
nm) of GFP's bimodal absorption spectrum better 
matches standard fluorescein filter sets; however, it 
has a considerably lower amplitude than the major 
absorption peak at 395. In an effort to increase the 
sensitivity of GFP with routinely available instru- 
mentation, Heim et al. (Nature 373:663-664, 1995) 
have generated a GFP mutant (serine-65 to threo- 
nine; S65T-GFP) which possesses a single absorp- 
tion peak centered at 490 nm. We have constructed 
this mutant in order to determine whether it or 
wild-type GFP (wt-GFP) afforded greater sensitivity 
when excited near their respective absorption max- 
ima. Using the conventionally available 488 nm and 
ultraviolet (UV) laser lines from the argon ion laser 
as well as the 407 nm line from a krypton ion laser 



with enhanced violet emission, we were able to 
closely match the absorption maxima of both the 
S65T and wild-type forms of Aequorea GFP and an- 
alyze differences in fluorescence intensity of tran- 
siently transfected 293 cells with flow cytometry. 
The highest fluorescence signal was observed with 
488 nm excitation of S65T-GFP relative to all other 
laser line/GFP pairs. The wt-GFP fluorescence inten- 
sity, in contrast, was significantly higher at 407 nm 
relative to either 488 nm or UV. These results were 
consistent with parallel spectrofluorometric analy- 
sis of the emission spectrum for wt-GFP and S65T- 
GFP. The relative contribution of cellular autofluo- 
rescence at each wavelength was also investigated 
and shown to be significantly reduced at 407 nm 
relative to either UV or 488 nm. 
© 1995 Wiley-Liss, Inc. 

Key terms: Green fluorescent protein, flow cytom- 
etry, gene expression, autofluorescence, spectroflu- 
orometry, transient transfection 



The unusual spectral properties of the green fluores- 
cent protein (GFP) are responsible for green light emis- 
sion from the hydromedusan jellyfish Aequorea victoria 
(12). In vivo, GFP is excited by energy transfer from the 
Ca 2+ -dependent blue light emission of the photoprotein 
aequorin (1 1, 20). A similar mechanism involving energy 
transfer from a photoprotein to a GFP has been demon- 
strated in a number of other bioluminescent coelenter- 
ates (5, 17-19)- The covalently-bound p-hydroxybenzyli- 
dene-imidazolidinone chromophore responsible for the 
fluorescence of Aequorea GFP is derived from the cy- 
clization of the amino acid residues Ser-dehydroTyr-Gly 
(4). This 0 2 -dependent cyclization reaction proceeds via 
a poorly understood mechanism which appears to be ei- 
ther autocatalytic, or at least catalyzed by ubiquitous en- 



zymes, as functional GFP can be expressed in both 
prokaryotic and eukaryotic cells (3, 10). The GFP spec- 
trum displays a major absorption peak at 395 nm and a 
minor peak at 470 nm. The fluorescence emission spec- 
trum exhibits a major peak at 509 nm with a shoulder at 
540 nm (18, 20, 29> 

Although Aequorea GFP has been identified and stud- 
ied extensively since the late 1960s, recent isolation of 
the cDNA (22) and its subsequent expression in heterol- 
ogous cell types (3, 10) has opened a new chapter for 
this protein as a marker for gene expression. The intrinsic 
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fluorescence of GFP allows detection in living cells ob- 
viating the need for fixing the cells or adding a chromatic 
substrate or antibody. The capability to express GFP as a 
fusion protein has further demonstrated the utility of 
GFP as a marker for subcellular localization (2, 7, 15, 16, 
21, 28). 

Routinely available filters and lasers used for detecting 
fluorescein are the most convenient and obvious choice 
for detecting GFP expression. The lower amplitude of the 
470 nm absorption peak in the GFP spectrum is, how- 
ever, potentially limiting for optimal detection of the pro- 
tein. Recently, mutant forms of GFP have been generated 
which alter the spectral properties of the protein (6, 8, 
9). A single point mutation replacing serine-65 with a 
threonine (S65T-GFP) has been described, which shifts 
the absorption spectrum to a single peak with a maxi- 
mum at 490 nm (8). The similarity of spectral character- 
istics between this mutant form of GFP and fluorescein 
has been postulated to facilitate higher sensitivity detec- 
tion of GFP using routinely available fluorescein-de- 
signed filter sets. Conversely, increased sensitivity could 
be achieved by a more appropriate excitation of wild- 
type GFP (wt-GFP) near its 395 nm absorption maxima. 

We have constructed the S65T-GFP mutant in order to 
compare the sensitivity of detection near its maximal ex- 
citation wavelength (488 nm) with detection of wt-GFP 
at excitation wavelengths near its maxima (355 nm, 407 
nm). By assaying transient expression of wt-GFP and 
S65T-GFP in 293 cells by flow cytometry, our results 
have clearly demonstrated an optimal analysis scheme for 
the detection of GFP expression in eukaryotic cells. Fur- 
ther analysis with respect to cellular autofluorescence at 
these wavelengths has indicated potential advantages of 
the 407 nm laser line for other applications. 

MATERIALS AND METHODS 
Reagents 

Opti-MEM, Lipofectin, trypsin-EDTA, and DH5ot com- 
petent Escherichia coli cells were purchased from Gibco 
BRL Life Technologies (Gaithersburg, MD) and used ac- 
cording to manufacturer's recommendations. 7-amino 
actinomycin D (7-AAD) was obtained from Calbiochem 
(San Diego, CA). Oligonucleotides were synthesized on an 
ABI 394 DNA synthesizer (Foster City, CA). Restriction 
enzymes and T4 DNA ligase were purchased from Gibco 
BRL Life Technologies and New England Biolabs (Beverly, 
MA). TaKaRaEx Taq DNA polymerase was obtained from 
PanVera Corp (Madison, WI). Recombinant GFP protein 
and anti-rGFP antiserum were purchased from Clontech 
Laboratories (Palo Alto, CA). Tris-glycine polyacrylamide 
gels and PVDF membranes were from NOVEX (San Diego, 
CA). A pBluescript II KS ( + ) derivative, pTU65 (3), was 
the source of the cDNA encoding wt-GFP. 

Cell Lines 

293 Cells, a human embryonal kidney line (ATCC CRL 
1573), were maintained in high-glucose DMEM/F- 1 2 me- 
dia supplemented with 10% heat inactivated fetal bovine 
serum (HIFBS) at 37°C/5% C0 2 . 



DNA Manipulations and Mutagenesis 

The wt-GFP gene was amplified from pTU65 (3) with 
primers which generated an E coRI and a BamHl site 
flanking the respective ends of the gene for insertion into 
an expression vector under control of the CMV promoter 
(pCMV). This construct, pCMV.gfp, was used for expres- 
sion of the wt-GFP. The S65T-GFP mutant (8) was con- 
structed by PCR amplification of the gene from pCMV.gfp 
in two overlapping fragments centered on amino acid 
position 65. Within the overlapping region, the S65T mu- 
tation was engineered (TCT— >ACT; double underline be- 
low) in the 3 '-fragment, along with two silent point 
mutations (single underline below) which generated a 
unique BsfEll site in both the 3'- and 5'-fragments (inter- 
nal GFP oligos 5 ' - ACACTGGTCAC CACTTTCACTTAT- 3 ' 
and 5 ' AGAGAAA-GTGGTGACCAGTGT- 3 ' , respectively). 
This unique site facilitated reassembly of the two mutant 
gene fragments into the parental pCMV expression vector. 
This construct, pCMV.S65T-gfp, was the source of S65T- 
GFP expression. Plasmid DNA was propagated in DH5a 
competent cells. All DNA used for transfections was pu- 
rified by CsCl centrifugation. All other standard DNA ma- 
nipulations were according to Sambrook et al. (23). 

Transient Transfections 

293 Cells were plated at 2 x 10 5 cells per well in 

6- well plates (Corning, Corning, NY) and grown for 
24-30 h (-30-40% confluency). DNA-Lipofectin com- 
plexes were formulated by mixing equal volumes of Li- 
pofectin and DNA in Opti-MEM (at stock concentrations 
of 8 uJ/100 u,l and 140 fmol/100 jxl, respectively, per 2 x 
10 5 cells) for 15 min at room temperature. The com- 
plexes were diluted 5-fold with Opti-MEM and 1 ml of the 
mix added to cells pre-rinsed with PBS. Incubation was 
performed for 8-12 h at 37°C/5% CO z - Cells were then 
supplemented with 0.5 volumes high-glucose DMEM/F- 
12/30% HIFBS, for a final serum concentration of 10%, 
and incubated for an additional 12-24 h at 37°C/5% C0 2 . 
Cells were detached from the wells by trypsin-EDTA 
treatment (200 u.1, 1 X concentration; 5 min, RT), har- 
vested into high-glucose DMEM/F-12/10% HIFBS (1 ml/ 
well) and pelleted (500& 10 min; Beckman GS-6 tabletop 
centrifuge). For analysis by flow cytometry, the cells 
were resuspended in 5% FBS, 0.1 mM EDTA, 2 |xg/ml 

7- AAD in PBS at — 1 x 10 6 cells/ml; for spectrofluorom- 
etry measurements, 7-AAD was omitted. Cell sorting was 
performed on cells pooled from 24 replicate transfections 
of 2 x 10 5 cells/transfection for each vector construct. 
Parallel transfections were conducted for wt-GFP (pCM- 
V.gfp), S65T-GFP (pCMV.S65T-gfp) as well as a mock 
transfection with the parental pCMV vector; in all cases 
fluorescence intensity measurements were referenced to 
untransfected 293 cells treated in a similar manner. 

Western Analysis 
Transfected cells (100 k each) were pelleted and re- 
suspended in 20 ui 1 X SDS loading buffer containing 5% 
P-mercaptoethanol. Samples were heated at 95°C for 5 
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and then vigorously vortexed to shear high-molecu : 
iTweisht DNA. The heated samples were immediately 
££S» a 12% acrylamide Tris-glycine gel (13)^ After 
SStrophoresis, the gel was soaked in Towbin buffe 
%\ and blotted onto a PVDF membrane using the Xcell 
n Wot module (NOVEX). The blotted membrane was 
ien blocked with phosphate buffered saline (PBS) con- 
Sig 5% nonfat dry milk, 2% BSA, 0.1% gelatin, and 
Tween 20 for 1 h at room temperature. Incubation 
„f the membrane with anti-rGFP antiserum at 1:2,000 
Jilution in blocking buffer was performed for 1 h at room 
temperature. The membrane was then washed exten- 
iveW (5X5 min) with PBS/5% nonfat dry milk/0 1% 
Llatin/0.2% Tween 20. HRP-conjugated goat anti-rabbit 
£? Biosource, Camarillo, CA) was diluted 1:20,000 
PBS/5% nonfat dry milk/0.1% gelatin/0.2% Tween 
20 for the secondary incubation (1 h, room tempera- 
ture) After washing with PBS/0.1% gelatin/0.05% Tween 
20 (6 X 5 min), the ECL substrate (Amersham, Arlington 
Hdehts IL) was added according to manufacturer's rec- 
ommendation. After addition of substrate, the membrane 
was exposed to X-ray film for 1 min. Densitometric anal- 
ysis of the autoradiogram was performed with Whole 
Band Analyzer version 3-2 (Bio Image, Ann Arbor, MI). 

Flow Cytometry Analysis and Sorting 
How cytometric analysis and sorting were performed 
using an EPICS Elite-ESP cytometer (Coulter Corp., Hi- 
aleah, FL) equipped with Spectrum argon ion-krypton ion 
mixed-gas and Innova 302 krypton ion lasers (Coherent, 
Inc., Santa Clara, CA). The Innova 302 laser (which has 
enhanced ultraviolet and violet output) was tuned to 407 
nm 50 mW, and the Spectrum mixed-gas laser was tuned 
to either 488 nm, 50 mW, or to multiline ultraviolet (UV; 
351-355 nm) at the same power. Laser power was veri- 
fied in each experiment using a Fieldmaster laser power 
meter (Coherent). 

The emission of wt-GFP, S65T-GFP, and green cellular 
autofluorescence (500-550 nm) was measured at each 
excitation wavelength using the combination of a 550 nm 
dichroic long-pass filter and a 525 ± 25 nm bandpass 
filter along with the appropriate laser blocking filter for 
each excitation line: At 488 nm, a 488 nm laser-blocking 
long-pass filter was used, whereas a 430 nm lase^block- 
ing longpass filter (Chroma Technology Corp., Brattle- 
boro VT) was used with multiline UV or 407 nm exci- 
tation. Utilization of the 525 ± 25 nm bandpass filter was 
found to give superior wt-GFP and S65T-GFP detection 
relative to 495, 505, or 515 nm long-pass filters (data not 
shown). In some experiments blue cellular autofluores- 
cence (440-475 nm) was also measured by the addition 
of 475 nm dichroic long-pass and 460 ± 20 nm bandpass 
filters in the optical path. 7-AAD fluorescence was col- 
lected from a second photomultiplier by the addition of a 
665 nm long-pass filter after the long-pass dichroic 
(Omega Optical, Brattleboro, VT). DNA check micro- 
spheres (Coulter Corp.) were used to align the instru- 
ment in each experiment. 

Cell sorting for both wt-GFP and S65T-GFP was per- 



formed using 488 nm excitation, 50 mW with a 1-droplet 
sort at a flow rate of 3,000 cells/sec. The sort region used 
to select GFP-expressing cells was set based on pCMV 
mock-transfected cells such that less than 1% of fluores- 
cence from the mock sample was in the sort region. Vi- 
able cells transiently expressing GFP were sorted based 
on the absence of detectable incorporation of 7-AAD. The 
average sorting purity was 95% for wt-GFP and 96% for 
S65T-GFP. 

Spectrofluorometry 

Fluorescence emission spectra of wi^ytrans- 
fected cells were obtained using either an SLM 4800C or 
SLM 8100 spectrofluorometer (SLM Instruments, Inc., Ur- 
bana, IL). The light source was a Xenon arc lamp, the 
output of which was passed through a monochromator 
and filter to illuminate a quartz cuvette containing the 
sample. The excitation monochromator bandwidth set- 
ting was 2 nm and bandpass filters centered at each ex- 
citation wavelength were placed in the excitation path to 
reduce scattered light that could enter the emission 
monochromator. The emission monochromator band- 
width was set at 8 nm. For 400 and 488 nm excitation, a 
420 nm sharp cut long-pass or KV500 long-pass filter, 
respectively, was placed in front of the emission mono- 
chromator. No filter was used in the emission path for 
350 nm excitation. Spectra were acquired to the instru- 
ment's computer with a resolution of 1 nm/channel. The 
digital spectral data were converted to ASCII format for 
further analysis and plotting. A solution of fluorescein 
isothiocyanate-conjugated protein was used to check the 
emission spectrum calibration. A suspension of non-flu- 
orescent chicken erythrocytes fixed with 2% osmium 
tetrabxide (Os0 4 CRBC; Riese Enterprises, San Jose, CA) 
was used to estimate baseline noise in the emission spec- 
tra (14). All cell suspensions were analyzed at a concen- 
tration of approximately 1 x 10 7 /ml. 

Statistical Analysis 
Statistical analysis was performed on log fluorescence 
intensity values using a two-way analysis of variance with 
experiment and experimental groups used as factors. Log 
intensity was used to improve homogeneity of variance 
within the dataset. For statistical analysis of the fraction of 
cells expressing detectable levels of wt-GFP or S65T-GFP 
at 488 nm excitation, a paired t-test was performed. De- 
ferences were considered significant if P < 0.05. 

RESULTS 
Autofluorescence 

Previous solution studies of wt-GFP indicate a bimodal 
absorption curve with the major absorption maximum at 
approximately 395 nm and a second absorption peak at 
470 nm (18 20, 29). Since cellular autofluorescence has 
been shown to be a limiting factor for the detection of 
weak cellular fluorescence following excitation in the 
blue/violet/ultraviolet region of the spectrum (24), initial 
studies were undertaken to better assess the extent of 
cellular autofluorescence following excitation at either 
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Fig. 1. Measurement of green (500- 550 nm) and blue ( 440-475 nm) 
relative cellular autofluorescence as a function of laser wavelength. 293 
Cells were measured by flow cytometry using UV (351-355 nm), 407 
nm, or 488 nm laser excitation and fluorescence intensity was compared 
to that of osmium tetraoxide-fixed chicken red blood cells (CRBC). The 
plotted values represent mean linear fluorescence of the 293 cells ^ 
mean linear fluorescence of CRBC at the same instrument settings; CRBC 
values presumably are an indicator of background light scatter. Error 
bars represent standard errors of the mean. For green autofluorescence 
results at 488 and 407 nm, n = 5; whereas, for UV, n - 3. Blue autof- 
luorescence results are based on two experiments for all excitation 
wavelengths. Significant differences in green autofluorescence were ob- 
served for both UV and 488 nm excitation relative to 407 nm (P < 
0.001 ). Differences in blue autofluorescence were also significant for UV 
as compared to 407 nm excitation (P < 0.001). 
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UV, 407 nm, or 488 nm. Osmium tetraoxide-fixed CRBC 
served as an autofluorescence control for measurement 
of the background autofluorescence of 293 cells at each 
wavelength (14). Figure 1 demonstrates the significant 
variation in the magnitude of relative cellular autofluo- 
rescence observed between the three excitation wave- 
lengths when examined in the green or blue spectral 
regions. A 5.6-fold higher green autofluorescence was 
observed with UV relative to 407 nm excitation, whereas 
a 3-fold increase was detected with 488 nm relative to 
407 nm excitation in the same region. Blue autofluores- 
cence was also markedly reduced with 407 nm excitation 
relative to UV. Similar trends in relative autofluorescence 
as a function of laser excitation wavelength were ob- 
served for MCF-7 (ATCC HTB 22; human breast adeno- 
carcinoma), SW480 (ATCC CCL 228; human colon ade- 
nocarcinoma), HeLa (ATCC CCL 2; human cervix 
epitheloid carcinoma), and NIH/3T3 (ATCC CRL 1658; 
Swiss mouse embryo) cell lines as well as human lung 
microvascular endothelial cells and peripheral blood leu- 
cocytes (data not shown). The reduced background cel- 
lular autofluorescence at 407 nm indicated its potential 
utility as a more optimal wavelength for the excitation of 
wt-GFP. 

Western Analysis 

293 Cells transiently transfected with either pCMV, pC- 
MV.gfjp, or, pCMV.S65T-gfp were initially evaluated for 
GFP expression by Western analysis. A single band is 



Laser Line 

Fig. 2. Western analysis of cell lysates with anti-rGFP antiserum. Lane 
1, 20 ng purified rGFP; lane 2 t 293 cells; lane X 293 cells transfected 
with pCMV; lane 4, 293 cells transfected with pCMV.gfp; lane 5, 293 
cells transfected with pCMV.S65T-gfp (lanes 2-5 contain 100,000 cells 
each). 



present in the pCMV.gfp and pCMV.S65T-gfp transfected 
lanes consistent with expression of wt-GFP and S65T-GFP 
(Fig. 2). Scanning densitometry of Figure 2 also demon- 
strates that the integrated intensity value of the band in 
lane 5 (S65T-GFP) is 91% that of lane 4 (GFP). 

Spectrofluorometry 

To provide a foundation for subsequent quantitative 
fluorescence measurements by flow cytometry, spectro- 
fluorometry was employed using pCMV.gfp-, pCMV. 
S65T-gfp-, and pCMV mock-transfected 293 cells. Fluo- 
rescence emission spectral information pertinent to the 
argon and krypton laser excitation lines available for 
flow cytometry was collected using fluorescence excita- 
tion at 350, 400, and 488 nm. Fluorescence emission 
spectra were recorded between 350 and 600 nm as ap- 
propriate (Fig. 3). With 350 nm excitation, all 293 cells 
demonstrated a broad emission peak centered at approx- 
imately 450 nm. Cells transfected with pCMV.gfp, how- 
ever, appeared to demonstrate a bimodal fluorescence 
emission spectrum, with a second fluorescence emission 
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Fig 3 Fluorescence emission spectra for 293 cells (----), 2*3 cells 

transiently transfected with pCMV.gfp ( ), 293 cells transiently 

transacted with pCMV.S65T-gfp ( ) and osmium tetraoxide fixed 

CRBC ( ) following excitation at 350, 400, or 488 nm. 



peak centered at approximately 510 nm which was not 
apparent in either the pCMV.S65T-gfp or pCMV mock- 
transfected 293 cells. For 400 nm excitation, the emis- 
sion peak at 510 nm was predominant for both wt-GFP 
and S65T-GFP, with a higher fluorescence emission in- 
tensity observed for wt-GFP relative to S65T-GFP. Exci- 
tation at 488 nm, in contrast, demonstrated a marked 
increase in the intensity of the 510 nm emission peak for 
S65T-GFP which was consistent with enhanced fluores- 
cence of S65T-GFP relative to wt-GFP at this excitation 
wavelength (8). Measurement of Os0 4 CRBC in all cases 



was unaffected by closing the shutter in front of the emis- 
sion monochromator, indicating undetectable autofluo- 
rescence in these cells. 

Flow Cytometry 
Cell sorting and flow cytometry analysis were used to 
further characterize the fluorescence of wt-GFP- and 
S65T-GFP-expressing cells using UV, 407 nm, and 488 nm 
excitation. For these studies, 293 cells transiently trans- 
fected with either pCMV.gfp or pCMV.S65T-gfp were an- 
alyzed at 488 nm; expressing cells were sorted using 
pCMV mock-transfected cells as a non-expressing con- 
trol. The average sorting purity was 95% for wt-GFP and 
96% for S65T-GFP. An example of results obtained is 
shown in Figure 4. Histograms illustrating the fluores- 
cence profiles obtained with 488 nm excitation prior to 
cell sorting are shown in Figure 4A. The presence of 
wt-GFP- and S65T-GFP-expression following transfection 
is detectable in approximately 27 and 50% of cells, re- 
spectively, when compared to pCMV mock-transfected 
cells (values represent an average of five experiments). A 
significantly higher fraction of positive cells was consis- 
tentiy observed in the pCMV.S65T-grp-transfected ceils 
relative to the pCMV.grp-transfected cells (P = 0.0002). 
In the S65T-GFP-expressing cells, excitation at 488 nm 
resulted in a very broad fluorescence intensity range- 
extending into the fourth decade relative to pCMV mock- 
transfected cells. 

In Figure 4, examples of histograms obtained by reanal- 
vsis of sorted wt-GFP- and S65T-GFP-expressing cells (left 
and right panels, respectively) with 488 nm (Fig. 4B), 
407 nm (Fig. 4C), or 355 nm (Fig. 4D) excitation are 
shown. Enhanced fluorescence of wt-GFP relative to 
S65T-GFP was noted for the UV- and 407 nnvexcited 
cells, whereas elevated fluorescence intensity of the 
S65T-GFP, relative to wt-GFP, was apparent with 488 nm 
excitation. 

Figure 5 provides a summary of normalized fluores- 
cence intensity data for 293 cells, pCMV mock-trans- 
fected cells, and for sorted wt-GFP- and S65T GFP-ex- 
pressing cells. In each case, the fluorescence values are 
reported as the linear mean and normalized so that the 
fluorescence of 293 cells is adjusted to one unit. A sig- 
nificantly higher fluorescence intensity was observed for 
wt-GFP-expressing cells at 407 nm relative to 488 nm. By 
contrast, S65T-GFP fluorescence is approximately 16- 
fold higher at 488 vs. 407 nm. The combination of 488 
nm excitation and S65T-GFP expression significantly ex- 
ceeds all other protein and laser excitation combinations 
we measured. 

DISCUSSION 

By directly comparing the fluorescence intensities of 
wt-GFP and S65T-GFP elicited by excitation at wave- 
lengths near their respective absorption maxima, we have 
shown that 488 nm excitation of the S65T-GFP mutant 
results in significandy enhanced cellular fluorescence 
relative to all other protein and laser combinations we 
measured. Confirmation of this observation as deter- 
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Fig. 4. Flow cytometry histograms for 293 cells. A: Fluorescence his- 
tograms for cells transiently transfected with pCMV.gfp (left panels) or 
pCMV.S65T-gfp (right panels), using 488 nm excitation, are shown prior 
to cell sorting. The sort regions used for the selection of expressing cells 
relative to pCMV mock transfected controls are indicated. Post-sort anal- 
ysis of wt-GFP- and S65T-GFP-expressing cells following (B) 488 nm, 



(C) 407 nm, and (D) UV excitation are indicated. In all histograms the 
pCMV mock-transfected cells are shown in shaded lines for comparison. 
Nontransfected 293 cells were first analyzed at each excitation wave- 
length and the instrument adjusted so that reanalysis of the nontrans- 
fected cells resulted in a mean fluorescence intensity value of 0.35, thus 
keeping autofluorescence constant for each -excitation wavelength. 



mined by flow cytometry was achieved by spectrofluo- 
rometric measurements. 

The increase in fluorescence intensity of S65T-GFP rel- 
ative to wt-GFP at 488 nm was not unexpected based on 
the initial report of this mutation (8). Serine 65 is the 



serine residue of the Ser-dehydroTyr-Gly triplet which 
cyclizes to form the /^-hydroxy benzyl idene-imidazolidi- 
none chromophore. When serine-65 is mutated to a thre- 
onine, the resulting spectral properties of S65T-GFP are 
more similar to fluorescein (8). It was hypothesized by 
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Fig 5 Fluorescence intensity of sorted wt-GFP- and S65T-GFP-ex- 
pressine cells relative to control pCMV mock-transfected or nontrans- 
fected cells as a function of laser wavelength. The linear fluorescence 
values were normalized such that nontransfected 293 cells emitted at 
one unit for each laser excitation wavelength. The plotted values and 
error bars represent normalized mean fluorescence and standard errors 
of the mean, respectively. For 488 and 407 nm, values are an average of 
four experiments for wt-GFP and five experiments for S65T-GFP, 

Heim et al. (8) that due to its increased brightness at 488 
nm excitation, this form of GFP would be superior to 
wt-GFP. Prior to our study, however, it was unknown 
what level of cellular fluorescence could be achieved by 
exciting wt-GFP with a wavelength closer to its major 
excitation maximum. 

Based on the observed reduction in background auto- 
fluorescence and proximity to the major excitation peak 
of wt-GFP (395 nm), we hypothesized that the 407 nm 
laser line could prove to be a more useful wavelength for 
wt-GFP analysis, compared with the more routinely avail- 
able 488 nm excitation. Although green fluorescence can 
be detected following 488 nm excitation, the protein's 
absorbance spectrum suggests that this is a suboptimal 
excitation wavelength (18, 20, 29). Increased sensitivity 
of wt-GFP expression was observed by excitation at 407 
nm; however, the intensity was still far below that from 
488 nm excitation of S65T-GFP. 

A practical advantage of monitoring S65T-GFP rather 
than wt-GFP at 488 nm is shown by the statistically sig- 



whereas the data for UV (351-355 nm) were obtained from three and 
two experiments, respectively, for wt- and S65T-GFP. A significantly 
higher mean fluorescence was observed for wt-GFP at 407 nm relative to 
488 nm {P = 0.0004). In contrast, a significantly elevated fluorescence 
was found for S65T-GFP following excitation at 488 nm relative to 407 
nm {P < 0.0001). A significantly higher fluorescence intensity was ob- 
served for S65T-GFP at 488 nm, relative to wt-GFP at 407 nm (P < 
0.0001). 



nificant difference in the percentage of cells with detect- 
able S65T-GFP expression (50% ) relative to wt-GFP ex- 
pression (27%) by flow cytometric analysis. We believe 
these differences to be due to the increased fluorescence 
intensity of S65T-GFP relative to wt-GFP at this excitation 
wavelength. It is unlikely that these significant differ- 
ences were due to variation in transfection efficiency as 
we have demonstrated that similar levels of GFP protein 
are present in wt-GFP- and S65T-GFP-transfected cells 
(Fig. 2). This observation is consistent with our assump- 
tion that similar transfection efficiencies were obtained 
by using the same transfection conditions for all vector 
constructs. It is worth noting that the only difference 
between the pCMV.gfp and the pCMV.S65T-gfp expres- 
sion plasmids is the single nucleotide change for the S65T 
mutation and two silent nucleotide changes to generate a 
unique BstEll site. The parental plasmid, including the 
promoter and all other regulatory elements, is identical 
to the wt-GFP- and S65T-GFP-expressing constructs. 
. a more likely explanation for the consistent differ- 
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ences observed in the percentage of cells with detectable 
expression between the pCMV.gfp and pCMV.S65T-gfp 
transfections is the inability to discriminate low level wt- 
GFP expression from non-expressing cells using 488 nm 
excitation. There is a clear nadir present between non- 
expressing and expressing cells in the S65T-GFP presort 
histogram which is not present in the corresponding his- 
togram for wt-GFP (Fig. 4A). This significantly impedes 
our ability to gate wt-GFP-expressing cells precisely. Fur- 
thermore, we have observed that by altering transfection 
conditions using pCMV.gfp (i.e., increasing the amount of 
DNA added), it is possible to generate transfected popu- 
lations with a higher percentage of cells possessing de- 
tectable expression, but without the corresponding high 
range of fluorescence intensity and nadir observed with 
S65T-GFP. 

As evident from this example, the ability to detect spe- 
cific fluorescence is directly related to the background 
cellular autofluorescence. Our data indicate significant 
variation in the magnitude of cellular autofluorescence 
when comparing 355, 407, and 488 nm excitation. Pre- 
vious data suggest that pyridine nucleotides (e.g., NADH) 
are major contributes to blue autofluorescence follow- 
ing UV excitation (1, 25, 26), whereas flavin nucleotides 
and flavoproteins contribute green autofluorescence 
with 488 nm and UV excitation (1, 26). Our observation 
of a marked reduction in blue autofluorescence at 407 
nm relative to UV is consistent with previous solution 
studies which indicate that the NADH absorption maxi- 
mum.^ 365 nm) is closely approximated by the conven- 
tional UV excitation available from the argon ion laser, 
while absorption drops to near baseline levels with 407 
nm excitation (1, 26). These same reports also suggest 
that riboflavin absorption is lower at 407 nm than at 488 
nm, a finding which may explain our observation of a 
significantly reduced autofluorescence at 407 nm relative 
to 488 nm in 293 cells. The reduction in autofluores- 
cence at 407 nm relative to both 488 nm and UV may 
provide part of the explanation for the improvement in 
wt-GFP detection at this wavelength. Aside from its util- 
ity for monitoring wt-GFP expression, our preliminary 
results (manuscript in preparation) further suggest that, 
due to lower autofluorescence, 407 nm may have advan- 
tages over UV excitation for immunofluorescence mea- 
surements in combination with a cascade blue-conju- 
gated molecule. 

The advantages of using 488 nm excitation to achieve 
increased sensitivity of detection with S65T-GFP rather 
than wt-GFP can be practically realized in many applica- 
tions. Our report focused on flow cytometry and spec- 
trofluorometry, but these results should extend to virtu- 
ally any instrumentation which utilizes fluorescein-based 
detection. 
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Evidence for redox forms of the Aequorea green fluorescent protein 
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Abstract Highly purified recombinant Aequorea green fluorescent protein is able to undergo a reversible oxidation-reduction reaction in the presence 
of molecular oxygen. In the oxidized form in near UV light, the protein is highly fluorescent, but when reduced with sodium dithionite, it becomes 
completely non-fluorescent. On exposure to molecular oxygen the reduced, non-fluorescent protein reverts to its original fluorescent state. 
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1. Introduction 

The characteristic greenish bioluminescence of the jellyfish, 
Aequorea victoria, clearly visible as a ring of bright light along 
the margin of the umbrella [1], is due to the action of two closely 
associated proteins: aequorin, a small Ca 2+ -binding protein 
(21 .4 kDa) [2-4], and a green fluorescent protein (GFP, 27 kDa, 
fluorescence A max = 508 nm) [5-9]. The latter contains a chro- 
mophore that is the ultimate emitter in the bioluminescence 
reaction [8,10]. Aequorin is made up of a complex of apoae- 
quorin (apoprotein), coelenterazine (an imidazole compound, 
mol.wt. = 423) and molecular oxygen. When aequorin is mixed 
in vitro with Ca 2+ , a bluish light is observed due to an intramol- 
ecular reaction in which the coelenterazine substrate is oxidized 
to coelenteramide. The reaction is catalyzed by the protein, 
which is converted to a luciferase on the binding of Ca 2+ . The 
products are light (A max = 470 nm), C0 2 and a blue fluorescent 
protein (BFP, coelenteramide + apoaequorin, fluorescence 
^max = 470 nm )- Tne electronically excited state of BFP (coelen- 
teramide) is the emitter in the reaction. If the reaction is carried 
out in the presence of excess GFP, a greenish luminescence is 
observed, identical to that seen in the living animal. The green- 
ish luminescence results from an energy transfer from the ex- 
cited state of BFP to GFP [6,11,12]. 

^ 2+ 
Ca 

Aequorin —> Blue fluorescent protein + ^,^470 nm + C0 2 
I + GFP 



We previously reported on the PCR cloning, expression, 
fluorescence characteristics, and energy transfer capability of 
Aequorea GFP [13]. The results showed that the properties of 
recombinant GFP are similar, if not identical, to those of native 
GFP. A further investigation of this recombinant protein has 
now revealed that it may exist in either an oxidized or reduced 
form. This finding and the key role that the protein plays in 
Aequorea bioluminescence have prompted us to examine the 
previous PCR-generated cDNA clone, since errors are known 
to occur in PCR cloning and because variation in nucleotide 
sequence has been reported for the cDNA for GFP [14]. Thus, 
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the Aequorea cDNA library was re-screened, additional cDNA 
clones isolated, the DNA analyzed and the cDNA expressed in 
E. coli to prepare high purity recombinant GFP for character- 
ization studies. This paper reports on this work and the redox 
properties of the purified recombinant GFP. 

2. Materials and Methods 

2.1. Materials 

The following were obtained from commercial sources: Chelating 
Sepharose-Fast Flow, Pharmacia-LKB, Piscataway, NJ; imidazole, so- 
dium dithionite (Na 2 S 2 0 4 , 84% purity), FeS0 4 , K^Fe^N)^ NaHS0 3 , 
NaN 3 , NaCN, EDTA, L-cysteine, glutathione (reduced), dithiothreitol, 
2-mercaptoethanol, 5,5'-dithio-bis-(2-nitrobenzoic acid) (DTNB), 
Sigma, St. Louis, MO; NiCl 2 , Merck; hydrogen peroxide, platinum 
asbestos (5%), Fisher Scientific, Pittsburgh, PA; 2,2'-azino-di-(3- 
ethylbenzthiazoline-6-sulphonic acid) (ABTS), Calbiochem. San Diego, 
CA; sodium borohydride, Aldrich,. Milwaukee, WI; bovine enteroki- 
nase (EK3), Biozyme, San Diego, CA; and SDS-PAGE gel and sample 
buffer, Novex, San Diego, CA. 

2.2. Cloning of c DNA for GFP 

The Aequorea cDNA library was screened using the BamRllSali 
insert of pAGP [13] as a probe. Subsequent isolation and sequence 
analysis of the cDNA clones for GFP were carried out as previously 
described [15]. 

2.3. Purification of rGFP 

The E. coli expression system for the histidine-tagged GFP (His- 
GFP) and the procedure for purifying the expressed protein using a 
Ni-chelate affinity column were described previously [13]. The protein 
was eluted from the column using a linear gradient of imidazole (0-0.3 
M). The fractions showing green fluorescence under near UV light 
(Model UVL-56, Ultraviolet Products, San Gabriel, CA) were collected 
and combined. The yield of this His-GFP was 1.3 mg from 300 ml of 
the cultured cells and the purity was greater than 95% as determined 
by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The fused 
region of His-GFP was removed by incubating 200 pg of the protein 
with 185 units (1 fig protein) of enterokinase in 1 ml of 50 mM sodium 
phosphate buffer, pH 6.0, at room temperature (22-24 °C) for 24 h. An 
aliquot of this digest was analyzed by SDS-PAGE and the remainder 
was dialyzed against 100 mM ammonium bicarbonate, pH 8.0. The 
dialysate was then applied to a freshly prepared Ni-chelate column (500 
fi\ of gel bed) equilibrated with the same buffer and the pass-through 
fractions showing a green fluorescence (rGFP or His-GFP lacking the 
histidine tail) were collected and combined. 

2.4. Protein analysis 

Protein concentration was determined by the dye-binding method of 
Bradford [16] using a commercially available kit (Bio-Rad, Richmond, 
CA) and bovine serum albumin as a standard. SDS-PAGE was carried 
out under non-reducing conditions using a 8-16% separation gel ac- 
cording to Laemmli [17], The rGFP in the enterokinase digest mixture 
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was further purified by reversed-phase HPLC and then subjected to 
N-terminal amino acid sequence analysis using an Applied Biosystems 
(Foster City, CA) Model 470A gas phase protein sequencer connected 
to an on-line Model 120A phenylthiohydantoin analytical system. 

2.5. Reactions of rGFP with various chemical reagents 

The reactions of rGFP with various chemical reagents were carried 
out at room temperature in a final volume of 0.5 ml. The reaction was 
started by adding the chemical dissolved in 1 M ammonium bicarbon- 
ate, pH 8.0, to 20 fig of rGFP dissolved in 100 mM ammonium bicar- 
bonate, pH 8.0. A transilluminator (Fischer Scientific, Model FBTIV- 
88) was used as a source of short UV light (312 nm) to monitor changes 
in the green fluorescence of the solution. In the reduction experiments 
with NaBH 4 and H 2 /Pt, 100 /ig of rGFP was used. 

2.6. Measurements of absorption and fluorescent spectra 
Absorption spectra of the purified rGFP were measured at room 

temperature with a Beckman Model DU-50 recording spectrophotom- 
eter and the fluorescence emission spectrum was measured with a 
Perkin-Elmer (Norwalk, CT) MPF-4 Fluorescence Spectrophotometer. 



3. Results and discussion 

In the previous study [13], two full-length cDNA clones for 
GFP were isolated by PCR and were found to have identical 
DNA sequences. In the present study, five positive clones, des- 
ignated pAGPll, pAGP21, pAGP31, pAGP51 and pAGP71, 
were obtained from 1.5 x 10 5 clones. Sequence analysis [18] of 
pAGPll and pAGP31 showed that they contained the full- 
length cDNA of GFP [13] and identical DNA sequences, in- 
cluding the 5'- and 3'-non-coding regions. The other clones, 
pAGP21, pAGP51 and pAGP71, were truncated forms of the 
5'-coding region of GFP cDNA, which have been reported 
previously in pAGP [13] and gfp\Q [14]. Thus, our studies have 
shown only one complete nucleotide sequence for GFP (Fig. 1) 



and the same primary structure,, deduced from the nucleotide 
sequence, as reported previously [13]. 

Fig. 2A shows the N-terminal region of the fused His-GFP 
and the cleavage site of enterokinase. The expressed His-GFP 
was purified by Ni-chelate affinity chromatography and the 
histidine segment removed by treatment with enterokinase. 
After purification by HPLC, N-terminal amino acids sequence 
analysis yielded two sequences: DRWIPKM'SKG, accounting 
for 40% of rGFP, and WIPKM'SKGEE, accounting for the 
remaining 60% (Fig. 2A), The first sequence indicates that the 
fused region was cleaved correctly [19], but the reason for the 
two cleavages is unknown, unless the enterokinase has two 
cleavage sites instead of one or a contaminating protease is 
present. SDS-PAGE of His-GFP, carried out under non-reduc- 
ing conditions with heat treatment, gave an apparent molecular 
mass of 3 1 kDa (Fig. 2B, lane 1), whereas after cleavage with 
enterokinase the protein (rGFP) had an apparent molecular 
mass of 28 kDa (Fig, 2B, lane 2). An enterokinase band was 
not detected due to its low concentration. The calculated molec- 
ular weight of rGFP with 244 amino acid residues was 
27,692.89. SDS-PAGE performed on rGFP under non-reduc- 
ing conditions without heat treatment gave a greenish fluores- 
cent band with an apparent molecular mass of about 40 kDa. 
While this band has been previously attributed to a partially 
denatured dimer [13], the true state of GFP in this band is 
unknown and it is also possible that the band is due to a 
monomer with an unusual electrophoretic mobility. 

Fig. 3a shows the absorption spectrum of rGFP with peaks 
at 280, 395 and 478 nm. The spectrum was identical to that 
reported previously for native GFP [9]. His-GFP also gave the 
same absorption spectrum (data not shown). The fluorescence 
emission spectrum of rGFP (Fig. 3b) was virtually identical to 



( EcoRl/NotI ) tactacacacgaataaaagacaacaaag -1 

MSKGEELFTGVVPILVELDGDVN 23 
atg agt aaa gga gaa gaa ctt ttc act gga gtt gtc cca att ctt gtt gaa tta gat ggc gat gtt aat 69 

GQKFSVSGEGEGDATYGKLTLKF 46 
ggg caa aaa ttc tct gtc agt gga gag ggt gaa ggt gat gca aca tac gga aaa ctt acc ctt aaa ttt 138 

ICTTGKLPVPWPTLVTT F S Y G V O 69 
att tgc act act ggg aag eta cct gtt cca tgg cca aca ctt gtc act act ttc tct tat ggt gtt caa 207 

CFSRYPDHMK'QHDFFKSAMPEGY 92 
tgc ttt tea aga tac cca gat cat atg aaa cag cat gac ttt ttc aag agt gec atg ccc gaa ggt tat 276 

V QERTIFYKDDGNYKTRAEVKFE115 
gta cag gaa aga act ata ttt tac aaa gat gac ggg aac tac aag aca cgt get gaa gtc aag ttt gaa 345 

GDT LVNRIELKGIDFKEDGNILG138 
ggt gat acc ctt gtt aat aga ate gag tta aaa ggt att gat ttt aaa gaa gat gga aac att ctt gga 414 

HKM EYNYNSHNVYIMADKPKNGI161 
cac aaa atg gaa tac aac tat aac tea cat aat gta tac ate atg gca gac aaa cca aag aat gga ate 483 

KV NFKIRHNIKDGSVQLADHYQQ184 
aaa gtt aac ttc aaa att aga cac aac att aaa gat gga age gtt caa tta gca gac cat tat caa caa 552 

NTp IGDGPVLLPDNHYLSTQSAL207 
aat act cca att ggc gat ggc cct gtc ctt tta cca gac aac cat tac ctg tec aca caa tct gec ctt 621 

SKDPNEKRDHMILLEFVTAAGIT 230 
tec aaa gat ccc aac gaa aag aga gat cac atg ate ctt ctt gag ttt gta aca get get ggg att aca 690 

HGMDELYK* 238" 
cat ggc atg gat gaa eta tac aaa taa atgtccagacttccaattgacactaaagtgtccgaacaattactaaattctcagg 797 

gttcctggttaaattcaggctgagactttatttatatatttatagattcattaaaattttatgaataatttattgatgttattaatagggg 888 
ctattttcttattaaataggctactggagtgtat (Notl/EcoRl ) 922 

Fig. 1. Nucleotide sequence of Aequorea GFP and primary structure of GFP deduced from the nucleotide sequence. The hexapeptide segement 
involved in the cyclic formation of the fluorescent chromophore is underlined [8,10,21]. GenBank Accession Number is L29345. 
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Enterokinasa 

* ' cleavage site 

t 

MGGS HHHHHHGMASMTGGQQMGRDL Y DDDDK- 
. 1 238 
DRWIPKMSKGEELFTG HGMDELYK 

I I (60%) 

1 (40%) 




Fig. 2. N-Terminal amino acid sequence and SDS-PAGE of His-GFP. 
(A) N-Terminal amino acid sequence showing the 34 amino acid resi- 
dues plus the 3 amino acid residues arising from use of the PCR primer, 
with the 6 histidine residues underlined and the enterokinase cleavage 
site indicated by an arrow. (B) SDS-PAGE of His-GFP before (lane 1: 
5 jug of protein applied) and after (lane 2: 4 //g of protein applied) 
cleavage with enterokinase. Molecular weight markers (Bio-Rad): 
phosphorylase b (97,400), bovine serum albumin (66,200), ovalbumin 
(45,000), carbonic anhydrase (31,000), and soybean trypsin inhibitor 
(21,500). 

those reported previously for native GFP [9] and for His-GFP 
[13] and the fluorescence excitation spectrum (read at X - 530 
nm) gave peaks at 395 and 478 nm, closely matching the peaks 
of the absorption spectrum. However, the ratios of the absorb- 
ance peaks, 395 nm/280 nm, for rGFP and His-GFP were 0.43 
and 0.40, respectively, which are approximately one-half of the 
value reported for native GFP [8,10]. The difference in the 
ratios is presumably due to the presence of a second tryptophan 
in the fused N-terminus of each of the proteins (Fig. 2A). 

The expressed GFP in near UV light has been found to show 
strong intrinsic fluorescence, both intracellular^ and extracel- 
lularly [13,20]. The fluorescence has been attributed to the pres- 
ence of a chromophore in the protein, formed by the cyclization 
of three amino acid residues within an hexapeptide segment of 
the polypeptide chain by post-translational modification [8,10]. 
Considerable work has gone into the chemical structure of the 
chromophore [8,10,21], but the chemical basis for the fluores- 
cence is still unknown. During the purification of His-GFP, a 
marked increase in fluorescence intensity was observed when 
the harvested cells and cell-precipitate were allowed to stand 
overnight at room temperature. Subsequently, the intensity re- 
mained unchanged for over a month. This suggested that an 
oxidative step may be involved in the initial increase in fluores- 
cence. 

On adding sodium dithionite (Na 2 S 2 0 4 ), a strong reducing 
reagent, to a solution of rGFP, the green fluorescence of the 
solution disappeared within a few minutes and, on standing for 
several hours, the fluorescence reappeared first as a thin band 



at the surface, which then spread slowly downward into the 
solution. On standing overnight the solution recovered its fluo- 
rescence completely. This result indicated that the rGFP was 
involved in a redox reaction with molecular oxygen, with the 
oxidized form being fluorescent and the reduced form being 
nonfluorescent. 

Electron Donor 



GFP-Oxidized Form 




GFP-Reduced Form 



(Fluorescence: greenish) (Fluorescence : none) 

Electron Acceptor (0 2 ) 

Table 1 summarizes the results of mixing various chemical 
reagents (reductants and oxidants) with rGFP. Some of the 
compounds were examined under both aerobic and anaerobic 
conditions, as noted in the table. The addition of either FeS0 4 
or ABTS [22], to a solution of rGFP under argon atmosphere 
caused the greenish fluorescence to be quickly extinguished 
and, as with Na 2 S 2 0 4 , the reaction was reversible, that is, on 
standing in air the greenish fluorescence returned once more. 
However, when rGFP was treated with Na 2 S 2 0 4 , FeS0 4 or 
ABTS in an argon atmosphere and allowed to stand, the green- 
ish fluorescence did not return until air was readmitted. The 
time required for the recovery of the greenish fluorescence was 
shortened if the solution was shaken in air or subjected to 
dialysis. In order to ascertain whether any spectral change 
occurs on reduction, 450 jA of a 0.18 mg/ml solution of rGFP 
in 50 mM ammonium bicarbonate, pH 8.0, was mixed with 25 
fi\ of 100 mM sodium dithionite in 1 M ammonium bicarbon- 
ate, pH 8.0, and the mixture was scanned between 600 and 300 
nm in a microcell using an Uvikon 810 (Kontron, Zurich, Swit- 
zerland) recording spectrophotometer. Controls consisted of 
(a) 450 //l of the same rGFP solution mixed with 25 //l of the 



Table 1 

Reactions of various chemical reagents with rGFP 



Addition to rGFP Green E 0 , V 

fluorescence 



None 


(+) 




Na 2 S 2 0 4 (5 mM) 






under Ar 2 


(+) -> H 


-0,66 


exposure to air/dialysis 


(+) <- (") 




FeS0 4 (2 mM) 






under Ar 2 


(+) -> (") 


0.77 


exposure to air/dialysis 


(+) *- (-) 




1/2 0 2 + 2H + /H 2 0 




0.82 


ABTS (0.2 mM) 






under Ar 2 


(+) (-) 




exposure to air/dialysis 


(+) <- (") 




H 2 0 2 (1%) under Ar 2 or Air 


(+) -> (") 


0.30 


H 2 /Pt(~l mg) 


(+) H> (-) 


-0.42 


NaBH 4 (~ 1 mg) under Ar 2 or Air 
2-Mercaptoethanol (2%) 


(+) 




(+) 




Dithiothreitol (10 mM) 


(+) 


-0.33 


Glutathione, reduced (10 mM) 


(+) 


-0.23 


L-Cysteine (10 mM) 


(+) 




K4Fe(CN) 6 (2 mM) 


(+) 


0.36 


NaHS0 3 (10 mM) 


(+) 




NaN 3 (10 mM) 


(+) 




NaCN (10 mM) 


(+> 




EDTA (10 mM) 


(+) 
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Fig. 3. Absorption and fluorescence emission spectra of rGFP. 
(a) Absorption spectrum of rGFP. (b) Fluorescence emission spectrum 
of rGFP. (c) Absorption spectrum of H 2 0 2 -treated rGFP. For (a), (b) 
and (c) the protein concentration was 0. 1 8 mg/ml in 100 mM ammonium 
bicarbonate, pH 8.0. 

same 1 M ammonium bicarbonate soution, and (b) 450 of 
the same 50 mM ammonium bicarbonate solution mixed with 
25 pd of the same sodium dithionite solution. Except for the 
region between 400 and 300 nm, which was difficult to analyze 
due to the high absorbance of sodium dithionite, the absorption 
spectrum of the rGFP-sodium dithionite mixture did not show 
any major change in absorbance, shape or maximum 
(Amax = 4? 8 ™) between 600 and 400 nm when compared to 
throxidized rGFP control. Thus, between 600 and 400 nm 
there appears to be no apparent change in absorption spectrum 
on reduction. If hydrogen peroxide was added to rGFP, the 
green greenish fluorescence slowly disappeared over a period 
of 1 h and never recovered even when exposed to air. This loss 
of greenish fluorescence was accompanied by a disappearance 
of the absorbance peaks at 395 and 478 nm (Fig. 3c), suggesting 
that a permanent structural change had taken place in the 
chromophore. Since rGFP is reduced by FeS0 4 and the re- 
duced rGFP oxidized by 0 2 , with H 2 0 being a likely product, 
it appears that the standard reduction potential, E' c , for rGFP 
lies somewhere between 0.77 V and 0.82 V (Table 1). Moreover, 
with the E' 0 s for rGFP and O z lying so close to each other, it 
is conceivable that GFP may be at the terminus of a series of 
electron carriers, as in the eukaryotic respiratory chain. 

The rGFP has two cysteine residues at positions 48 and 70 
in the primary structure [13,14]. Reducing reagents such as 
2-mercaptoethanol, dithiothreitol, reduced glutathione and 
L-cysteine did not have any affect on the fluorescence of rGFP 
(Table 1), whereas treatment with the sulfhyryl reagent DTNB 
(1 mM) [23] caused the greenish fluorescence to disappear in 
a few minutes (data not shown). Thus, a free cysteine residue 
may be required for the greenish fluorescence of rGFP. 



It is noteworthy that reversible , photobleaching of GFP has 
been reported in vivo on exposure to UV light during the 
expression of the cDNA for GFP in Caenorhabditis elegans [20]. 
It is possible that the photobleaching may be due to a reduction 
taking place within the cell and the recovery of fluorescence to 
the transfer of electrons to molecular oxygen. The proposed 
imidazolone structure for the chromophore of GFP [8,10,21], 
however, does not appear to explain the redox behavior of 
rGFP in that the electron acceptor-donor group is not identifi- 
able. Another interesting structure-related problem is that 
Aequorea GFP, when expressed in such diverse organisms as 
E. coli, C elegans and COS cells, is fluorescent [13,20]. This 
must mean that a synthetic (enzymatic) mechanism must be 
present in all of these organism to form the complex chromo- 
phore by post-translational modification or a self-modification 
mechanism must exist within the protein. 
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Communicated by Eric R. Kandel, August 19, 1994 

ABSTRACT The green fluorescent protein (GFP) of the 
jellyfish Aequorea victoria is an unusual protein with strong 
visible absorbance and fluorescence from a /?-hydroxybenzyli- 
dene-imidazolidinone chromophore, which is generated by 
cyclization and oxidation of the protein's own Ser-Tyr-Gly 
sequence at positions 65-67. Cloning of the cDNA and heter- 
ologous expression of fluorescent protein in a wide variety of 
organisms indicate that this unique posttranslational modifi- 
cation must be either spontaneous or dependent only on 
ubiquitous enzymes and reactants. We report that formation of 
the final fluorophore requires molecular oxygen and proceeds 
with a time constant (~4 hr at 22°C and atmospheric p0 2 ) 
independent of dilution, implying that the oxidation does not 
require enzymes or cofactors. GFP was mutagenized and 
screened for variants with altered spectra. The most striking 
mutant fluoresced blue and contained histidine in place of 
Tyr-66. The availability 0 f two visibly distinct colors should 
significantly extend the usefulness of GFP in molecular and cell 
biology by enabling in vivo visualization of differential gene 
expression and protein localization and measurement of pro- 
tein association by fluorescence resonance energy transfer. 

Proteins are often labeled with fluorescent tags to detect their 
localization and sometimes their conformational changes 
both in vitro and in intact cells. Such labeling is essential both 
for immunofluorescence and for fluorescence analog cy- 
tochemistry, in which the biochemistry and trafficking of 
proteins are monitored after microinjection into living cells 
(1). Traditionally, fluorescence labeling is done by purifying 
proteins and then covalently conjugating them to reactive 
derivatives of organic fluorophores. The stoichiometry and 
locations of dye attachment are often difficult to control, and 
careful repurification of the proteins is usually necessary. If 
the proteins are to be used inside living cells, a final chal- 
lenging step is to get them across the plasma membrane via 
micropipet techniques or various methods of reversible per- 
meabilization. 

An alternative would be to devise molecular biological 
means to generate fluorescent proteins. The natural UV 
fluorescence of tryptophan residues is of little use except in 
the simplest in vitro samples, because the wavelengths are 
too short and tryptophan is too ubiquitous for any one protein 
to stand out in a complex biological mixture. A more prom- 
ising strategy would be to concatenate the gene for the 
nonfluorescent protein of interest with the gene for a natu- 
rally fluorescent protein and express the fusion product. The 
most highly fluorescent proteins known are the phycobilip- 
rotems (2), but their fluorescence depends entirely on correct 
enzymatic insertion of a difficult-to-obtain tetrabilin chro- 
mophore into a large apoprotein (3). The green fluorescent 
Protein (GFP) from the jellyfish Aequorea victoria is a much 
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smaller molecule of 238 amino acids, whose natural function 
seems to be to convert the blue chemiluminescence of the 
Ca 2+ -sensitive photoprotein aequorin into green emission (4). 
GFP's absorption bands in the blue and emission peak in the 
green do not arise from a distinct cofactor but rather from an 
internal p-hydroxybenzylideneimidazolidinone chro- 
mophore generated by cyclization and oxidation of a Ser- 
Tyr-Gly sequence at residues 65-67 (5). When the gene for 
GFP was first cloned (6), whether jellyfish-specific enzymes 
were required for this posttranslational modification was 
unknown. Heterologous expression of the gene in Esche- 
richia coli (7, 8), Caenorhabditis elegans (7), Saccharomyces 
cerevisiae (R.H., S. D. Emr and R.Y.T., unpublished data), 
and Drosophila melanogaster (9) showed that additional 
Aequorea-specific enzymes were not required because the 
protein became brightly fluorescent in all these organisms. 

The ability to generate fluorescence in situ by expressing 
the gene for GFP has opened up tremendous possibilities for 
continuously monitoring gene expression, cell developmen- 
tal fates, and protein trafficking in living, minimally perturbed 
cells, tissues, and organisms. Nevertheless, major questions 
about GFP itself remain. What is the mechanism of fluoro- 
phore formation? How does fluorescence relate to protein 
structure? Can its fluorescence properties be tailored and 
improved— in particular, to provide a second distinguishable 
color for comparison of independent proteins and gene ex- 
pression events? This study provides initial answers. 

MATERIALS AND METHODS 

The coding region of a clone of A. victoria gfplO cDNA (6) 
was amplified by the PCR (7) to create Nde I and BamHl sites 
at the 5' and 3' ends, respectively, and cloned behind the T7 
promoter of pGEMEX-2 (Promega), replacing most of the T7 
gene 10. The resulting plasmid was transformed into E. coli 
strain JM109(DE3), and high-level expression was achieved 
by growing the cultures at 24°C to saturation without induc- 
tion by isopropyl 0-D-thiogalactoside. Random mutagenesis 
of the gfp cDNA was done by hydroxylamine treatment (10) 
or by increasing the error rate of the PCR with 0. 1 mM MnCl 2 , 
50 fM dATP, and 200 of dGTP, dCTP, and dTTP (11). 
The product was ligated into pGEMEX-2 and subsequently 
transformed into strain JM109(DE3). Colonies on agar were 
visually screened for different emission colors and ratios of 
brightness when excited at 475 vs. 395 nm, supplied by a 
xenon lamp and grating monochromator for which the output 
beam was expanded to illuminate an entire culture dish. 

To prepare soluble extracts, cells from a 1.5-ml suspension 
were collected, washed, and resuspended in 150 pi of 50 mM 
TrisHCl, pH 8.0/2 mM EDTA. Lysozyme and DNase I were 
added to 0.2 mg/ml and 20 /-tg/ml, respectively, and the 
samples were incubated on ice until lysis occurred (1-2 hr). 

Abbreviation: GFP, green fluorescent protein. 
*To whom reprint requests should be addressed. 
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Fig. 1. GFP expression in E. coli: Variations in fluorescence 
properties despite equalized apoprotein contents. Different versions 
of GFP are compared by gel electrophoresis and Coomassie blue 
staining. Soluble extracts of E. coli expressing GFP show a predom- 
inant band that is absent in extracts from control cells and has the 
same electrophoretic mobility as native GFP isolated from the 
jellyfish A. victoria (5). Inclusion bodies of expressing cells consist 
mainly of nonfluorescent GFP, which has the same mobility as 
soluble GFP. Nonfluorescent soluble GFP of anaerobically grown 
(anerob) cultures is also a major band with correct mobility. Soluble 
extracts of the mutated clones H9 (S202F, T203I), P9 0167V), Pll 
(I167T), and P4 (Y66H) again contain a dominant protein with 
essentially the same molecular mass. 

The lysates were then clarified by centrifuging at 12,000 x g 
for 15 min. Anaerobic cultures were grown in GasPak 
pouches (Becton Dickinson). Inclusion bodies were obtained 
as described (12). 

Excitation and emission spectra were measured with 
1.8-nm bandwidths, and the nonscanning wavelength was set 
to the appropriate peak. Excitation spectra were corrected 
with a rhodamine B quantum counter, whereas emission 
spectra (except for mutation Y66W) were corrected for 
monochromator and detector efficiencies by using manufac- 
turer-supplied correction spectra. 

RESULTS AND DISCUSSION 

GFP was expressed in E. coli under the control of a 17 
promoter for quantitative analysis of the properties of the 
recombinant protein. Gel electrophoresis under denaturing 
conditions showed protein of the expected molecular mass (27 
kDa) as a dominant band (Fig. 1), which could be quantified 
simply by densitometry of staining with Coomassie blue. 
Soluble recombinant GFP proved to have identical spectra and 
the same or even slightly more fluorescence per mol of protein 



as GFP purified from A. victoria, showing that the soluble 
protein in E. coli undergoes correct folding and oxidative 
cyclization with as high an efficiency as in the jellyfish. The 
bacteria also contained inclusion bodies consisting of protein 
indistinguishable from jellyfish or soluble recombinant protein 
on denaturing gels (Fig. 1). However, this material was com- 
pletely nonfluorescent, lacked the visible absorbance bands of 
the chromophore, and did not become fluorescent when 
solubilized and subjected to protocols that renature GFP (13). 
Therefore protein from inclusion bodies seemed unable to 
generate the internal chromophore. 

An interesting intermediate stage in protein maturation 
could be generated by growing the bacteria anaerobically. 
The soluble protein again looked the same as GFP on 
denaturing gels (Fig. 1) but was nonfluorescent. In this case, 
fluorescence gradually developed after admission of air, even 
when fresh protein synthesis was blocked by using puromy- 
cin and tetracycline. Evidently the soluble nonfluorescent 
protein synthesized under anaerobic conditions was ready to 
become fluorescent once atmospheric oxygen was readmit- 
ted. The fluorescence per protein molecule approached its 
final asymptotic value with a single-exponential time course 
and a rate constant of 0.24 ± 0.06 hr' 1 (at 22°C), measured 
either in intact cells with protein-synthesis inhibitors or in 
lysates in which the soluble proteins and cofactors were ^lO 5 
more dilute than in cells. Such pseudo-first-order kinetics 
strongly suggest that no enzymes or cofactors are necessary 
for the final step of fluorophore formation in GFP. A tentative 
molecular interpretation is presented in Fig. 2. If the newly 
translated apoprotein evades precipitation into inclusion bod- 
ies, the amino group of Gly-67 might cyclize onto the car- 
bonyl group of Ser-65 to form an imidazolidin-5-one, where 
the process would stop were 0 2 absent. The new N=C 
double bond would be expected to promote dehydrogenation 
to form a conjugated chromophore; imidazolidin-5-ones. un- 
dergo autoxidative formation of double bonds at the 4-posi- 
tion (14, 15), which would complete the fluorophore (Fig. 2, 
upper right). Because fluorophore formation requires at least 
one step with a time constant of *4 hr, use of GFP as a 
reporter protein to monitor faster changes in promoter ac- 
tivity may be problematic. 

A major question in protein photophysics is how a single 
chromophore can give widely different spectra depending on 
its local protein environment. This question has received the 
most attention with respect to the multiple colors of visual 
pigments based on retinal (16) but is also important in GFP. 
The GFP from Aequorea and that of the sea pansy Renilla 
reniformis share the same chromophore, yet Aequorea GFP 
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Fig. 2. Proposed biosynthetic scheme for the chromophore of GFP. The freshly translated protein (upper left) could be trapped by inclu * 10 
bodies or remain soluble and nonfluorescent (upper center) until oxidation by O2, which would dehydrogenate Tyr-66 to form the fluoroph? 1 * 
(upper right). The protonated and deprotonated species (upper and lower right) may be responsible for the 395- and 470- to 475-nm excitat J? c 
peaks, respectively. The excited states of phenols are much more acidic than their ground states, so that emission would come only fromtn 
deprotonated species. 
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Excitation spectra of GFP variants 
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Fig 3 Excitation and emission spectra of Wild-type and mutant GFPs. , Wild-type; , mutations S202F, T203I; "^T^^t 

I1OT : — ^ muuUon Yte™-* mutation Y66H. Samples were soluble fractions from E. coli expressing the proteins at high level, except 
Xtant Y^which ^s'obtained\i very low yield an'd measured on intact ceO. Autofluorescence was 

those of mutant Y66W, whose excitation spectrum below 380 nm may be contaminated by autofluorescence All amplitudes have been arbitrarily 
normalized to a maximum value of 1.0. To compare brightnesses at equal protein concentrations, see Table 1. 



has two absorbance peaks at 395 and 475 nm, whereas Renilla 
GFP has only a single absorbance peak at 498 nm, with 
^S.S-fold greater monomer extinction coefficient than the 
major 395-nm peak of the Aequorea protein (17). The isolated 
chromophore and denatured protein at neutral pH do not 
match either native protein (5). For many practical applica- 
tions, the spectrum of Renilla GFP would be preferable to that 
of Aequorea because wavelength discrimination between dif- 
ferent fluorophores and detection of resonance energy transfer 
are easier when the component spectra are tall and narrow 
rather than low and broad. Furthermore, the longer wave- 
length excitation peak (475 nm) of Aequorea GFP is almost 
ideal for fluorescein filter sets and is resistant to photobleach- 
ing but has lower amplitude than the shorter wavelength peak 
at 395 nm, which is more susceptible to photobleaching (7). 
For all these reasons, it would be interesting to convert the 
Aequorea GFP excitation spectrum to a single peak, prefer- 
ably at longer wavelengths. The cDNA was therefore sub- 
jected to random mutagenesis by hydroxylamine treatment or 
PCR, Approximately six thousand bacterial colonies on agar 
plates were illuminated with alternating 395- and 475-nm 
excitation and visually screened for altered excitation prop- 



erties or emission colors. Although this number of colonies 
falls far short of saturating the possible mutations of a protein 
of 238 residues, interesting variants have already appeared. 
Three mutants were found with significant alterations in the 
ratio of the two main excitation peaks (Fig. 3 and Table 1). 
Compared with wild-type GFP, mutant H9 Had increased 
fluorescence at 395-nm excitation, whereas mutants P9 and 
Pll were more fluorescent at 475-nm excitation, mutant Pll 
being the best species for fluorescein filters. The mutations 
were sequenced and recombined with the wad-type gene in 
different ways to eliminate neutral mutations and assign the 
fluorescence effects to single-amino acid substitutions (except 
for mutant H9, where two neighboring mutations have not yet 
been separated). The mutations all lay in the C-terminal part 
of the protein (Table 1), remote in primary sequence from the 
chromophore formed from residues 65-67. Determination of 
the three-dimensional structure of GFP should enable detailed 
interpretation of these spectral perturbations. One possibility 
is that the mutations at Ile-167 shift a positive charge slightly 
closer to the phenolic group of the fluorophore; this shift 
should both increase the percentage of phenolic anion, which 
is probably the species responsible for the 470- to 475-nm 
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Table 1. Characteristics of mutated vs. wild-type GFP 







Excitation 


Emission 


Relative 


GFP 


Mutation 


maxima,* nm 


maximal nm 


fluorescence,* % 


Wild type 


in one 






{-Lin)) 


Mutant H9 


Ser-202 Phe, 


398 


511 


117$ 




Thr-203 — He 








Mutant P9 


Ile-167 — Val 


471 (396) 


502 (507) 


166^1 


Mutant Pll 


Ile-167 — Thr 


471 (396) 


502 (507) 


188^ 


Mutant P4 


Tyr-66 His 


382 


448 


57(1 


Mutant W 


Tyr-66 Trp 


458 


480 


ND 



♦Values in parentheses are lower-amplitude peaks. 

tprimary values were seen when exciting at the main excitation peak; values in parentheses were seen 
when illuminating at the lower-amplitude excitation peak. 

*Equal amounts of protein were used based on densitometry of gels stained with Coomassie blue (Fig. 
1). ND, not done. 

^Emission maxima of spectra recorded at excitation 395 nm were compared. 
^Emission maxima of spectra recorded at excitation 475 nm were compared. 
II Emission spectrum of mutant P4 recorded at 378-nm excitation was integrated and compared with the 

integrated emission spectrum of wild type recorded at 475-nm excitation; both excitation and emission 

characteristics were corrected. 



excitation peak, and shift the emission peak to shorter wave- 
lengths. However, the hypothesized ionizable phenolic group 
would have to be buried inside the protein at normal pH 
because the ratio of 471- to 396-nm peaks in the mutants could 
not be further affected by external pH until it was raised to 10, 
just below the threshold for denaturation. The pH-sensitivity 
of wild-type GFP is similar (18). 

A fourth mutant, P4, was excitable by UV light and 
fluoresced bright blue in contrast to the green of wild-type 
protein (Fig. 4). The excitation and emission maxima were 
hypsochromically shifted by 14 and 60 nm, respectively, from 
those of wild-type GFP. The mutated DNA was sequenced 
and found to contain five amino acid substitutions, only one 
of which proved to be critical, Tyr-66 His in the center of 
the chromophore. The surprising tolerance for substitution at 
this key residue prompted further site-directed mutagenesis 
to tryptophan and phenylalanine at this position. Tryptophan 
gave excitation and emission wavelengths intermediate be- 
tween tyrosine and histidine (Fig. 3 and Table 1) but was only 
weakly fluorescent, perhaps due to inefficiency of folding or 
chromophore formation, whereas phenylalanine gave no 
detectable fluorescence. 

The availability of several forms of GFP with such different 
excitation and emission maxima [the most distinguishable 
pair being mutant P4 (Y66H) vs. mutant Pll (I167T)] should 
facilitate two-color assessment of differential gene expres- 




Fic. 4. E. coli producing either no GFP {Left), wild-type GFP 
{Center), or the P4 mutant (Right) in which Tyr-66 is replaced by 
histidine. Approximately equal quantities of bacteria were sus- 
pended in 1-cm cuvettes, excited by a 365-nm transilluminator, and 
photographed through a low-fluorescence filter passing wavelengths 
>450 nm. The bacteria producing no GFP were transformed with 
vector alone. Flecks of green in the two flanking cuvettes are stray 
reflections from the center cuvette. 



sion, developmental fate, or protein trafficking. It may also 
be possible to use these GFP variants analogously to fluo- 
rescein and rhodamine to tag interacting proteins or subunits 
whose association could then be monitored dynamically in 
intact cells by fluorescence resonance energy transfer (19, 
20). Such fluorescence labeling via gene fusion would be 
site-specific and would eliminate the present need to purify 
and label proteins in vitro and microinject them into cells. 
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